When VLBW infants are fed a cow milk-based formula, a whey-rather than a casein-dominant formulation is recommended often (1,2). The assumption implicit in this recommendation is that an increased proportion of bovine milk whey in the formula's protein substantially increases the similarity between the formula and human milk (2). Differences in the proteins found in human and bovine wheys, however, weaken this premise. The predominant proteins in human whey are alactalbumin, SIgA, and lactoferrin; those predominant in bovine whey are p-lactoglobulin, IgG, and a-lactalbumin. The amino
acid compositions of human and bovine whey proteins differ (3, 4) , as do those of the casein fractions in human and bovine milk (3) . Furthermore, the biological functions associated with human whey proteins, e.g. SIgA and lactoferrin, may affect protein utilization and complicate the interpretation of compositional data.
Plasma amino acid levels have been studied as indicators of protein quality and general protein homeostasis in infants fed a variety of milks (5) (6) (7) . Highly variable levels of amino acids have been reported in these studies and may reflect differences in feeding protocols, timing of plasma sampling relative to feedings, clinical conditions of infants, interindividual variability in human milk composition, and the possible effects of distinct formula processing protocols on the rates of digestion of milk proteins. Nonetheless, various investigators have reported that values for serum total proteins, serum albumin, plasma amino acids, BUN, and urine osmolality of infants fed whey-dominant formulas resemble those of infants fed human milk more closely than those of infants fed casein-dominant formulas (5, 8-1 1) .
Nitrogen from whey-dominant formulas appears to be used more efficiently for growth than that from casein-dominant formulas (2, 6 ). An evaluation of the similarity between responses to human milk and casein-or whey-dominant formulas is complicated, however, because feeding comparisons have seldom been performed with isonitrogenous and isocaloric diets. This characteristic of previous investigations affects assessments of protein quality most directly.
Our study was designed to measure amino acid intakes and plasma levels in VLBW infants fed isonitrogenous, isocaloric diets of human milk or bovine whey-dominant formula and to assess the relationship between these values and growth, nitrogen utilization, and selected biochemical markers of nutritional status in this population.
METHODS
Study design. Thirty-one VLBW infants were enrolled in a longitudinal study after informed consent was obtained from their parents. The protocol and consent forms were approved by the Institutional Review Boards for Human Research of Baylor College of Medicine and Texas Children's Hospital. Infants were enrolled during the 1st wk of life, assigned to a human milk or formula group based on parental choice, and enteral feeding was instituted. The infants were fed either their mothers' milk fortified with lyophilized fractions of skim and cream derived from pasteurized (72" C, 15 s), mature human milk or a whey-dominant cow-milk formula. The formula group received Similac PM 60140 (Ross Laboratories, Columbus, OH). Infants maintained their respective feeding regimens from the time enteral feeding was initiated to the study's conclusion. Growth, metabolic re-302 SCHANLER AND GARZA sponses, and nutrient balances were measured (12) . A 96-h nutrient balance study was performed at 2 to 3 wk of life to estimate metabolizable energy intake and the absorption and retention of nitrogen and minerals. Plasma amino acids, total protein, albumin, prealbumin, BUN, and whole blood hemoglobin were measured during the balance study.
To ensure that the human milk and formula were isonitrogenous and isocaloric, the human milk was fortified with quantities of human milk-derived fractions of skim and cream based on the energy and nitrogen contents of the formula. These components were added to an aliquot of fresh milk sufficient for I day's feedings and were determined in our laboratory from weekly analyses of each mother's milk and from analyses of each lot of formula. Details of the preparation and processing of human milk have been reported (12) . Infants received a controlled intake of 125 ml/kg/day (125 kcal/kg/day) administered by continuous nasogastric infusion from the onset of enteral feeding to the end of the balance study. A syringe infusion pump (Auto Syringe, Hookset, NH) was used to minimize losses from the nonhomogeneity of the milk. Multivitamins (Poly-Vi-Sol, Mead Johnson Co., Evansville, IN) and 400 IU vitamin D (Drisdol, Winthrop Laboratories, New York, NY), and 100 mg/kg/day of an oral preparation of vitamin E were administered daily.
Patient selection. Healthy, VLBW infants between 28 and 30 wk gestation were selected from the neonatal nurseries of Texas Children's Hospital based on the following criteria: appropriate growth for gestational age; absence of major congenital anomalies or sustained cardiopulmonary, infectious, and gastrointestinal diseases; and achievement of full enteral feeding by 15 days of life. The two groups of infants were similar with respect to birth weight, gestational age, study age, nitrogen intake and retention, metabolizable energy intake, and selected biochemical markers of nutritional status (Table 1) . Weight gain and increments in length and head circumferences were similar between groups. These data have been reported previously (12) . Enteral nutrition was instituted at 6 f 2 and 5 f 2 days of life and complete enteral nutrition was achieved at 14 f. 3 and 13 f. 2 days in the fortified human milk and formula groups, respectively. In the 1st wk of life, serum total protein, 4.0 +: 0.4 versus 4.2 + 0.5, and whole blood hemoglobin values, 14.2 -1-2.7 versus 14.5 + 2.7, were similar in fozified human milk and formula groups, respectively.
Chemical methods. Heparinized arterial or arterialized capillary blood samples for the determination of plasma proteins and amino acids were obtained between 0800 and 1200 h on the 3rd or 4th day of the balance study. Plasma was separated immediately and samples were stored for analysis at -70" C. Our treatment of blood samples does not provide reliable estimates of plasma cystine, therefore, these values are not reported (1 3). The methods for plasma protein determinations have been re- 
ported (1 2). For measurement ofamino acids, plasma was treated with 0.5% (w/v) sodium dodecylsulfate and deproteinized with sulfosalicylic acid in lithium citrate buffer adjusted to pH 2.8 (14) . The Beckman 121MB Amino Acid Analyzer (Beckman Instruments Inc., Palo Alto, CA) was used for these measurements.
Aliquots from the day's milk supply were removed and stored for analysis at -70" C. Samples were defatted, hydrolyzed with 6 N HCl for 24 h under nitrogen, neutralized, and filtered before analysis (1 5) . This method does not measure milk ornithine asparagine, citrulline, hydroxyproline, or tryptophan. Because of degradation, glutamine and glutamic acid are reported as a combined value. Taurine in milk was determined on defatted samples after precipitation of proteins. The methods for detection of total nitrogen and energy have been described (12) .
Data analysis. Plasma and milk amino acid concentrations were distributed normally. Comparisons between feeding groups were performed by Student's t test. Relationships were tested by multiple linear regression. The level of significance was set at p < 0.01 because multiple testing was performed.
RESULTS
Plasma concentrations of threonine, valine, and the sum of the essential amino acids were significantly greater in the infants fed the whey-dominant formula (Table 2 ). No differences were detected between groups in the sum of the total plasma amino acids, the plasma ratio of glycine/valine; the ratio of tryptophan/ sum of tyrosine, phenylalanine, leucine, isoleucine, and valine; and the sums of branched-chain, aromatic, and sulfur-containing amino acids.
Whereas concentrations of taurine and cystine were significantly greater in the fortified human milk (Table 3) , those of threonine, methionine, lysine, and valine were significantly PLASMA AMINO A(: :ID DIFFERENCES greater in the whey-dominant formula (Table 3 ). The formula also had greater concentrations of serine, glutamic acid plus glutamine, and isoleucine but these differences were not statistically significant, 0.05 > p > 0.0 I. No significant differences were detected between milks in the concentrations of total essential, branched-chain, aromatic, or sulfur-containing amino acids. Associations between amino acid intake and plasma amino acid levels were not detected within feeding groups. When groups were combined, however, plasma levels were associated positively with the intake of the respective amino acid for threonine, serine, alanine, and the sum of aromatic and essential amino acids (r = 0.49 to 0.64, p < 0.01). In addition, relationships of borderline statistical significance (0.05 > p > 0.01) were observed for proline, valine, leucine, tyrosine, phenylalanine, lysine, histidine, arginine, and asparagine.
Distinct associations were noted within each feeding group between plasma amino acid levels and indices of nitrogen utilization and other markers of nitrogen metabolism. Positive correlations were observed in the fortified human milk group between plasma lysine and serum total protein (Fig. 1, r = 0 .66, p < 0.01). By linear regression analysis, the plasma lysine level accounted for 44% ofthe variability in serum total protein levels. The following positive correlations were observed in the formula group ( r = 0.7 1 to 0.74, p < 0.0 I): nitrogen retention and plasma glycine, tryptophan, and alanine (Fig. 2) ; nitrogen utilization (% N retentionlintake) and plasma isoleucine and phenylalanine; and N absorption and plasma arginine. Plasma glycine, tryptophan, and alanine, together, accounted for 82% of the variability in nitrogen retention in the formula group. Negative correlations (r = -0.71 to -0.8 1, p < 0.01) were observed between whole blood hemoglobin level and the plasma levels of isoleucine, glycine, alanine, proline, leucine (Fig. 3) , and total and essential amino acids. The five amino acids accounted for 89% of the variability in whole blood hemoglobin level in the formula group.
DISCUSSION
VLBW infants received isonitrogenous, isocaloric preparations of either fortified human milk or whey-dominant cow-milk 
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WHOLE BLOOD HEMOGLOBIN (G/DL) Fig. 3 . The relationship between plasma leucine and whole blood hemoglobin in whey-dominant cow milk formula-fed infants. This negative relationship is representative of those observed in this group between several plasma amino acids and whole blood hemoglobin; see text for details. Y = 21 1 -9.5X, r = 0.72, p < 0.01, where Y in pmollliter formula and demonstrated similar growth rates and gross indices of nitrogen utilization (1 2). Growth and nitrogen retentions were similar to those observed in zltero at corresponding gestational stages. Plasma amino acid levels differed, however, between feeding groups. These differences were largely a reflection of amino acid intakes. Variations in the amino acid compositions of the nutrient sources were responsible for these differences. Our fortified human milk preparation, when compared with published values for pooled human milk, resulted in approximately 20 to 30% increases in the content of most amino acids (5, 16) . This increment parallels the augmentation in total nitrogen concentration measured after fortification of human milk (12) .
Appropriate protein intakes based on plasma amino acid levels are difficult to establish for VLBW infants because standards have not yet been determined. This is particularly true for infants fed by continuous enteral infusion. Plasma levels may be compared with those reported for umbilical cord blood obtained during the delivery of full-term infants (17) or with values reported for fetal cord blood obtained between 19 and 29 wk of gestation (18) . In our study, plasma levels of threonine, alanine, lysine, and valine of infants fed fortified human milk and plasma lysine of infants fed the whey-dominant formula were below the minimum values measured in the umbilical artery at term. Plasma hydroxyproline levels in both groups and serine levels in the formula-fed infants were greater than the maximum values measured in the umbilical artery at term. Whether the high hydroxyproline levels reflected an increased turnover of bone in the groups studied is not clear.
Infants fed fortified human milk had threonine and alanine values below 1 SD of the mean values reported for measurements of the umbilical artery at 19 to 29 wk gestation; both fortified human milk-and formula-fed infants had taurine, lysine, histidine, and valine values that were 1 SD below these mean values. None of the values obtained was significantly above those reported for the equivalent stage of intrauterine development. Whether these lower levels reflected amino acid deficiency remains a question. Of interest from a functional standpoint, however, is our finding that VLBW infants appear unable to maintain the levels of serum proteins measured at birth (12) . Infants in our study demonstrated declines in serum proteins which usually are ascribed to hepatic immaturity (12) . An alternate explanation suggested by these comparisons is that the quantities of dietary amino acids may be significantly less than those supplied in utero and/or that the pattern of amino acids supplied by both fortified human milk or whey-dominant formula is significantly different from the optimal pattern required to maintain serum proteins.
An alternative manner to assess protein intake is to compare the plasma levels of these infants with those of infants fed pooled human milk in later periods of postnatal life. Such comparisons are complicated by differences in intakes, sampling times of plasma, and postnatal ages. Possibly the closest comparison may be made to values reported for infants fed pooled human milk every 1 to 2 h and in whom plasma values were obtained randomly (5, 9, 10, 16, 19) . Again, threonine and valine levels in plasma of infants who were fed fortified human milk fell slightly below 1 SD of the mean value measured in the comparison group.
Differences in plasma amino acid levels may reflect possible dissimilarities in the chemical maturity of the two feeding groups; this is unlikely. The parallel characteristics of the two groups outlined in Table 1 , similarities in the times enteral feeding was initiated and full enteral feedings were maintained, and comparable initial concentration values for serum total proteins and whole blood hemoglobin are evidence for the groups' homogeneity. Disparities in plasma levels of amino acids most likely reflect differences in diet. This view is supported by relationships between amino acid intakes and plasma levels of amino acids.
The functional significance of plasma amino acid levels may be assessed by examining relationships between these measurements and other indices of nitrogen metabolism. We found that 1 the group fed fortified human milk had lysine levels which I correlated positively with total serum proteins, suggesting that lysine levels were not adequate for the needs of this group. In contrast, we found many more associations between plasma amino acid levels and indices of nitrogen metabolism in the whey-dominant formula-fed group. The positive associations between selected amino acids and nitrogen retention suggested that increases in the intakes of these amino acids may have resulted in greater retentions of nitrogen, whereas the negative associations between hemoglobin and selected amino acids suggested that the pattern of amino acids was either inadequate or that the amount provided was excessive. There may be more support for the former assumption because low hemoglobin levels in VLBW infants have been related to inadequate intakes of protein (20) . We might speculate that plasma levels would be stable relative to other functions when the intake is neither excessive nor deficient (21) . Therefore, were amino acid or protein intakes optimal, positive, or negative relationships would be unlikely between the plasma amino acid levels and other measures of nitrogen metabolism.
Growth velocity and nitrogen balance have been identified as important determinants of plasma amino acid levels (6) . If these criteria are used as the principal determinants of adequate protein sources, then either fortified human milk or whey-dominant formula qualifies, and intrauterine rates of growth and nitrogen retention can be achieved (12) .
However, the groups fed fortified human milk and wheydominant formula differed in their plasma concentrations of specific amino acids and in the relationships between these levels and other indices of nitrogen metabolism. The negative associations detected between plasma amino acid levels and hemoglobin values and the positive associations between selected plasma amino acid levels and nitrogen retention leads to the speculation that the amino acid pattern of the whey-dominant formula may be unbalanced. The relationships between plasma amino acid levels and serum total protein and whole blood hemoglobin in infants fed fortified human milk and whey-dominant formula, respectively, suggest that the synthesis of specific functional proteins should be examined more closely than has been done in previous studies seeking to establish optimal intakes.
